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Abstract—In bi-static Ambient Backscatter Communications
(AmBC) systems, the receiver needs to operate at a large dynamic
range because the direct path from the ambient source to the
receiver can be several orders of magnitude stronger than the
scattered path modulated by the AmBC device. In this paper, we
propose a novel analog-digital hybrid null-steering beamformer
which allows the backscatter receiver to detect and decode the
weak AmBC-modulated signal buried in the strong direct path
signals and the noise without requiring the instantaneous channel
state information. The analog cancellation of the strong signal
components allows the receiver automatic gain control to adjust
to the level of the weak AmBC signals. This hence allows common
analog-to-digital converters to be used for sampling the signal.
After cancelling the strong components, the ambient source signal
appears as zero mean fast fading from the AmBC system point
of view. We use the direct path signal component to track the
phase of the unknown ambient signal. In order to avoid channel
estimation, we propose AmBC to use orthogonal channelization
codes. The results show that the design allows the AmBC receiver
to detect the backscatter binary phase shift keying signals without
decoding the ambient signals and requiring knowledge of the
instantaneous channel state information.
Index Terms—Ambient backscatter, low-power receiver, hybrid
analog-digital beamformer.
I. INTRODUCTION
Ambient backscatter communication (AmBC) introduced
in [1], one of the recent breakthrough technologies selected
by MIT Technology Review in 2016, has been emerging
and captured much attention. Without need of a dedicated
power infrastructure and a carrier emitter, ambient backscatter
communication (AmBC) enables devices to communicate by
backscattering ambient modulated radio frequency (RF) sig-
nals existing in the atmosphere, such as TV broadcasts [2], [3],
cellular communication systems [2], [4], frequency modulation
(FM) broadcasts [5], [6], Bluetooth [7], and WiFi transmis-
sions [8]–[10]. Hence, AmBC has a power efficiency which
is orders of magnitude higher than traditional radio communi-
cations [1]. Since then researchers have developed numerous
conceptually proved applications of AmBC technologies in: 1)
medical science [7]; 2) environmental monitoring [11], [12];
3) network communications [1], [7], [13]. In addition, AmBC
improves spectral efficiency because an AmBC link can co-
exist with a legacy wireless system under proper system design
as shown in recent work [14]–[16].
A. State of the Art
In addition to using commodity receivers, various receiver
designs for backscatter communications have been proposed
and studied in literature. Based on a time-varying change of the
wireless channel caused by the on-off keying (OOK) modula-
tion, the receiver in [17] exploits the frequency diversity of the
wideband WiFi signals, and then conducts a selective and lin-
ear combination of information across the good sub-channels.
The work of [6] adopts universal wideband backscatter reader
exploiting maximal ratio combining with carrier interference
cancellation techniques. Besides the practical receiver designs,
a large number of signal detection methods for backscatter
receivers have been considered in theoretical analysis, such as
energy detection [18], maximum likelihood (ML) detection,
covariance matrix (CM)-based detection, and maximum a
posteriori (MAP) detection. To improve the bit error rate
(BER) at low signal-to-noise ratio (SNR), a CM-based signal
detection algorithm was considered in [19] for signal-antenna
AmBC systems using the ratio of the two CMs representing
that the backscatter signal is absent or present. Authors in
[20] considered using a joint energy and ML detector at the
receiver to detect the backscatter information bits. The receiver
developed in [21] is able to determine the signal detection
thresholds for WiFi backscatter systems with a multi-antenna
receiver based on the maximum distance of the received power
(pilot sequences) at each antenna. Assuming that the channel
status information (CSI) is available at the receiver, [22]
proposed to use an MAP detector to decode the backscatter
information bits.
Most recently, authors in [15], [23]–[25] considered the
ambient orthogonal frequency-division multiplexing (OFDM)
modulated signals transmitted by the legacy systems. In [15],
the ML rule was applied to obtain the ML decision regions
to minimize the BER. Exploiting the repeating structure of
the ambient OFDM signals and the test statistics, [23] has
proposed a receiver design to cancel out the direct-link inter-
ference generated by the legacy transmitter. In [25], a non-
coherent backscatter communication technique over ambient
OFDM signals has been proposed by using null subcarriers.
In addition, the successive cancellation technique can be
applied to jointly decode the legacy system and backscatter
system information for a co-located legacy and backscatter
receiver [14]. As a large number of OFDM subcarriers contain
repetitive elements inducing time correlation, [24] proposed
a simple receiver for a Binary Phase Shift Keying (BPSK)-
modulated AmBC system without knowledge of CSI, the
statistical channel covariance matrices, and the noise variance
at the receiver antennas.
B. Challenges
The communication performance of AmBC systems depend
on the signal-to-interference-plus-noise ratio (SINR) of the
scattered ambient signal, on top of which the backscatter
information is modulated. The analog front-end of a receiver of
a contemporary communication system is usually configured
to utilize the dynamic range of the analog-to-digital converter
(ADC) to capture as much information (in terms of bits) as
possible on the desired signal by pushing the undesired com-
ponents and noise sources (including the quantization noise)
to a few least significant bits. For the ambient backscattering
systems, however, this strong signal component of the legacy
system (source of the ambient signal) drastically degrades the
SINR of the AmBC signal1. The AmBC signal is restrained
to a few least significant bits of the ADC output resulting in a
extremely low SINR for the AmBC. Therefore, to improve the
SINR of the AmBC, the receiver needs to first eliminate the
strong direct-path ambient signal, and then decode the AmBC
information. Regardless of the receiver architecture, after the
first step, the achieved SINR is still low due to the high
quantization noise2 unless a very high dynamic range (and
high cost) ADC is used. The high power difference between
the direct and scattered signal paths also make angle-of-arrival
(AoA) estimation and receiver beamforming challenging. AoA
estimation can be easily done for the strong direct path
component, but simultaneously finding the weak scattered
signal component is a demanding task.
The ambient signal has fast varying random phase making
the use of coherent modulation schemes such as non-return-
to-zero (NRZ) binary phase shift keying (BPSK) challenging
at the AmBC device. If the channel phases are slowly varying,
the differential phase shift keying (DPSK) modulation schemes
can be utilized. In AmBC, since a legacy system has much
higher data transmission rate than the AmBC system, the
phase of the legacy system symbol varies rapidly from one
to another resulting in very fast fading seen by the AmBC
link. Consequently, many AmBC modulation schemes use
non-coherent modulation such as on-off keying (OOK) [26]
or Frequency Shift Keying (FSK) [27]. Alternatively, they
combine coherent modulation with frequency modulation [28].
FSK and frequency-shifted BPSK require that the adjacent
bands of the ambient signal are empty. If the phase of the
ambient signal can be known at the AmBC receiver, coherent
1In this paper, we assume that the designed simple backscatter receiver
cannot decode the ambient signal.
2Here, high quantization noise refers to spectral density ratio of the ambient
signal to the spectral density of the quantization noise. Since the digital
filtering cannot eliminate the in-band noise, large quantization noise cannot
be eliminated using conventional filters.
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Fig. 1. An illustration of the considered system.
modulation schemes can be utilized directly without having to
add frequency modulation leading to better spectral efficiency.
However, this in general is not practical.
C. Contributions and Paper Organization
To address these issues, we develop a two-stage hybrid
analog-digital null-steering beamformer for a high dynamic
range ambient backscatter receiver. The analog part is first
utilized to separate the direct and scattered paths, and then
the digital processing is applied to form a beam towards the
desired signal. By first separating the strong direct and weak
signal components at the analog part, automatic gain control
and ADC can be applied to both components separately.
This design allows the receiver to deal with the high power
differences between the signal components.
We use the received direct path component to track the
unknown phase of the ambient signal by correlating the direct
path component with the scattered path signal. The phase of
the corrector output signal only depends on the channel phase
and the AmBC modulator symbol phase. To avoid the need to
estimate the channel, we consider that the AmBC modulator
uses orthogonal Hadamard channelization codes to represent
the different AmBC signals. The second correlator is then
utilized to demodulate the AmBC symbols. The performance
of such design is evaluated via simulations with respect to the
AmBC BER. These results confirm that our proposed scheme
allows the AmBC device operating at a reasonable distance
from the receiver with a practically acceptable BER of 10−3
without employing error correction techniques.
The rest of this paper is organized as follows. In Section II,
we outline the system and signal models. Section III presents
our receiver design consisting of a two-stage beamformer and
a two-stage correlator. Using this design, we evaluate the BER
of the backscatter system in Section IV. Section V concludes
this paper and discusses the future work.
II. SYSTEM MODEL
We consider a system shown in Fig. 1 consisting of two
sub-systems: 1) a legacy wireless system transmitter and 2)
an AmBC system. The interference to the legacy receiver in
general can be ignored in our considered setup [29]. We focus
on the AmBC receiver design. The legacy transmitter generates
continuous carrier modulation scheme with carrier wavelength
λ. The AmBC system consists of an ambient backscatter
device and an nr -antenna receiver forming a linear array with
antenna spacing ∆d. Let s ∈ C denote the equivalent low-pass
representation of the ambient signal generated by the legacy
transmitter. The symbol K0 denotes the set of direct signal
paths directly from the ambient transmitter to the receiver that
do not pass through the AmBC device. K1 denotes the set
of scattered signal paths that pass through the AmBC device
and are being modulated by it. The AmBC device modulates
the signal impinging at its antenna by controlling its complex
reflection coefficient.
We consider an AmBC device adopting the BPSK modula-
tion scheme, i.e., the information symbol x ∈ {−1,+1}. The
AmBC device consists of an encoder to spread the AmBC
symbols by using orthogonal codewords. In this paper, we
apply the Hadamard codes to spread the data symbol so that
the BPSK backscatter needs to switch its status in a high rate.3
We assume that deterministic channels with strong dominant
light-of-sight signal paths between the ambient RF source and
the AmBC receiver, between the the ambient RF source and
the backscatter device, and between the backscatter device
and the AmBC receiver. We consider a widely-used path loss
model consisting of both frequency-dependent and distance-
dependent losses, which is presented as PL = (λ/(4pid))2
with propagation distance d. Notation d0 denotes the distance
between the legacy transmitter and the AmBC receiver, d1 is
the distance between the backscatter device and the AmBC
receiver, and d2 represents the distance between the legacy
transmitter and the backscatter device. The corresponding
phase rotation of the RF propagation for each path is con-
sidered as exp(− j2pidl/λ), l = 0, 1, 2, where j =
√
−1. For
instance, the only frequency-dependent loss of the backscat-
tering path can be approximately −27dB lower at 500MHz
frequency band than that of the direct path. This significant
radio propagation characteristic has been ignored in literature.
We have highlighted in Section I-B that this phenomenon
results in numerous challenges on a practical AmBC receiver
design.
We denote the AoA for the k-th signal path as φk , and define
the directional cosine as Ωk = 2pi∆d cos(φk). The unit spatial
signature at the receiver antenna array in Ωk becomes a(Ωk) =[
1 eiΩk ei2Ωk · · · ei(N−1)Ωk ]†, where the superscript †
denotes the conjugate transpose of the vector. The baseband
channel gains of the direct paths g0 and the backscattering
ones g1 are therefore given by [31]:
g0 =
(
λ
4pi
)2
e−j2pid0/λ
d2
0
, g1 =
(
λ
4pi
)4
e−j2pi(d1+d2)/λ
d2
1
d2
2
, (1)
where we assume the same attenuation of the (direct or
backscattering) paths for all antenna pairs. The corresponding
m-th derivative of a(Ωk) reads a(m)(Ωk) = dmdΩm
k
a(Ωk). Since
that a backscatter information signal is encoded using the
3This practically reasonable spreading scheme can be readily implemented
at an ambient backscatter device because an off-the-shelf dialect component
can complete the status switching as short as 4ns, e.g., 1N4148 diode [30].
Hadamard codes, a length-M = 2K Hadamard codeword with
order of K is obtained, e.g., by selecting a row, from a
Hadamard matrix of M × M over {+1,−1}. Without loss of
generality, we select two rows to encode +1 and −1 of the
BPSK symbols generated by the backscatter, respectively. The
two encoded sequences over {+1,−1} are orthogonal. Define
matrices A
(m)
l
= diag[a(m)(Ωk), k ∈ Kl], l = 0, 1. Within one
length-M codeword, the received signal vector reads
y[i] = √snr
(
A
(0)
0
g0 + A
(0)
1
g1 x˜[i]
)
s[i] + z[i], ∀i = 1, · · · , M,
(2)
where snr represents the received SNR of the ambient signal
source (legacy transmitter), x˜[i], ∀i = 1, · · · , M denotes the i-th
element of an encoded BPSK symbol, and z[i] ∈ CN(0, I ) is
the additive white Gaussian receiver noise assumed to be un-
correlated across the antenna array elements. The ambient sig-
nal is assumed to be complex Gaussian, i.e., s[i] ∈ CN(0, 1),
which is a practical assumption for OFDM systems [32]. In
this model, we assume that the ambient signal changes faster
than the backscatter symbol does, and the ambient signal s[i]
is unknown at the AmBC receiver and cannot be decoded. In
addition, the exact channel state information is not available
at the AmBC receiver.
III. RECEIVER OPERATION
The designed receiver aims to maximize the AmBC signal
strength while nulling unwanted strong ones. The receiver
seeks to find two beam-forming vectors wl,∀l = 0, 1, as
max
wl
w
†
l
A
(0)
l
glg
†
l
A
(0)†
l
wl
subject to
w
†
l
Cl+1(mod 2) = 0, and | |wl | |2 = 1,
where the constraint matrix is defined as
Cl =
[
A
(0)
l
A
(1)
l
A
(2)
l
]
to null the unwanted signal in the presence of directional
uncertainty. Fig. 2 depicts the operation process of the AmBC
receiver.
Define a Hermitian matrix Ql = ClC
†
l
so that it can
be diagonalized as Ql = UlΛlU
†
l
, where Ul is an unitary
matrix containing the eigenvectors and Λl is a diagonal matrix
containing the corresponding eigenvalues of Ql . We assume
that the number of receive antennas is larger than the number
of multi-path components such that rank{Ql} , rl < N .
Hence, we can take the first |Kl | eigenvalues to be non-zero
and the rest N − |Kl | eigenvalues to be zero. We denote
the eigenvectors, ∀l = 0, 1, corresponding to the non-zero
eigenvalues as Rl and the eigenvectors corresponding to the
zero eigenvalues as Ψl .
We consider a practical assumption in this paper shown in
(1) that the physical channel in the scattered path suffers from
much stronger loss than ordinary one-way direct channels.
Hence, the receiver can initially perform AoA estimation for
the strong direct paths using spectral-based or parametric
approaches [33]. Given a strong signal emanating from direct
paths, the conventional beamformer (Bartlett) algorithm con-
ducts AoA estimation, θˆ, which maximizes the output power
from certain direction as follows [33]:
θˆ = max
φk
a(Ωk )†Rˆa(Ωk )
a(Ωk )†a(Ωk)
, (3)
where Rˆ is the sample co-variance matrix of the received
signal sequence on the antenna array. The AoA estimation
is conducted within one codeword.
A. Two-stage beamformer
Based on the estimated angles, the matrices A0, R0 and
Ψ0 are calculated. The impact of the scattered paths on the
direct path is considered to be negligible, and hence at the
receiver we do not try to cancel them out. We propose to use
a two-stage beamformer that in the first stage it maps the input
vector to the eigenspace of the direct signal u[i] = U†
0
y[i],∀i =
1, · · · , M. This vector can be further written as
u0[i]=R†0A0g0s[i] + R
†
0
A1g1s[i]x˜[i] + z˜0[i]
≈R†
0
A0g0s[i] + z˜0[i], (4)
u1[i]=Ψ†0A1g1s[i]x˜[i] + z˜1[i]. (5)
The approximation in (4) is applied because | |g0 | | >> | |g1 | |
and after automatic gain control and analog-to-digital trans-
mission, the scattered path vanish to the noise. The noise
remain uncorrelated: z˜0 ∼ CN
(
0, Ir0
)
and z˜1 ∼ CN
(
0, IN−r0
)
.
In the second stage, we estimate the covariance matrices
Σl = E
{
u
l
u
†
l
}
for l = 0, 1 and perform beamforming
vl = argmax | |vl | |=1
{
v
†
l
Σlvl
}
.
The solution coincides with the eigenvector of Σl that corre-
sponds to the largest eigenvalue µl .
Finally, we have two estimates νl = v
†
l
u
l
, l = 0, 1,
ν0[i] ≈ h0s[i] + ζ0[i],
ν1[i] = h1s[i]x˜[i] + ζ1[i], ∀i = 1, · · · , M,
(6)
where h0 = v
†
0
R
†
0
g0, h1 = v
†
1
Ψ
†
0
g1, ζl[i] = v†l z˜l , l = 0, 1.
These two sequences in (6) will be applied to the proposed
two-phase correlator presented in the following subsection.
B. Two-phase Correlator
Although the strong interference from the direct path has
been greatly reduced shown in (6), the unknown ambient
signal remains in ν1 so that the receiver cannot detect x˜[i].
The first phase of the proposed correlator is to eliminate the
unknown phase of s. We can study the cross-correlation of the
above two measurements
ν˜[i] = ν0[i]∗ν1[i] = h∗0h1 |s[i]|2 x˜[i] + ζ˜ [i], (7)
where ζ˜ [i] = s[i]†h†
0
ζ1[i] + ζ0[i]†h1s[i]x˜[i] + ζ0[i]†ζ1[i].
In the second phase of the correlator, firstly, the sequence
ν˜ = {ν˜[i]}, i = 1, · · · , M is correlated to the known two
codewords associated to the backscatter BPSK symbols, i.e.,
AoA 
estimation
Analog 
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Eigen 
Space
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Fig. 2. Receiver operation.
ν˜cT
l
, l = {1, 2}; secondly, the squared absolute value of ν˜cT
l
is calculated. Then the decision is made by comparing the
energy level. For codeword l, the output of the second phase
of the correlator yields
Γl =
ν˜cTl 2 , ∀l = 1, 2. (8)
The decision rule for the estimate of the AmBC BPSK signal
becomes
xˆ =
{
+1, for Γ1 ≥ Γ2,
−1, otherwise. (9)
Remark: The proposed receiver design can deal with
the high power differences between the undecodable strong
ambient signal and the weak backscatter information signal.
In addition, the receiver does not need the channel state
information which is challenging in practice to obtain because
of the nature of AmBC. Moreover, the receiver does not need
to measure the power of additive white Gaussian noise.
IV. NUMERICAL RESULTS
To validate the proposed design, we consider a practical
setup such as the digital television broadcasting system that
the ambient RF source is 1 km away from the AmBC receiver
antenna array and the carrier frequency of the ambient system
is 500 MHz. Recall that the sole frequency-dependent loss of
the backscattering path can be approximately −27dB lower
at 500MHz frequency band than that of the direct path.
Without coding gain, a 30 dB received SNR per antenna of
the direct link results in only a 3 dB SNR per antenna of the
backscattered signal.
We consider that the linear receive antenna array has 8
elements, the AoA estimation is carried out using the Bartlett
method, the ambient RF source is located at 60◦, and the
backscatter is located at 90◦. The antenna separation of the
receiver antenna array is set to half of the wavelength of the
ambient signal, i.e., ∆d = λ/2. In the results, the notation
HM denotes a length-M Hadamard codeword. Note that our
proposed scheme only needs to measure the AoA, and does
not decode the ambient signals and measure the noise power
so that the receiver design can be dramatically simplified.
Fig. 3 shows the BER of the AmBC system as a function of
the received SNR per antenna of the direct link. The pathloss
including frequency-dependent loss of the backscattered link
is approximately 32 dB, 36 dB, and 46 dB higher than that
of the direct link for different values of the distances between
the backscatter and the AmBC receiver, i.e., d1 = 2m, 3m, and
10m, respectively. Such low SNR results in significant design
challenges for AmBC receiver designs when the backscatter
adopts BPSK or other higher-order modulation schemes even
without interference. In order to operate the AmBC with an
acceptable BER, the backscatter device is required to operate
either within a short distance to the receiver, or applying a long
codeword. For instance, the solid and the dashed curves show
that when a length-1024 codeword is applied the backscatter
can operate at a distance d1 = 2 meters with a BER of 10
−3
and the required SNR of the direct link per antenna is only
around 13 dB. However, when d1 = 10 meters, the required
SNR has to be approximately 19.5 dB.
Fig. 4 depicts the BER as a function of d1, the distance
between the backscatter device and the AmBC receiver. The
results indicate that our proposed scheme enables an AmBC
device adopting a length-2048 codeword to operate with 10−3
BER at a distance of approximately 20 meters from the AmBC
receiver when the received SNR of the legacy signal is 30 dB.
If the SNR drops to 10 dB which in practice indicates a bad
SNR for a practical broadcasting system, the proposed design
allows the AmBC to operate with a 10−3 BER at a distance
of approximately 2 meters from the AmBC receiver.
V. CONCLUSIONS
In this paper, we have designed a two-stage hybrid beam-
former for high dynamic range ambient backscatter receivers
so that the challenges for receiver design can be reduced. The
design allows the receiver automatic gain control to adjust
to the level of the weak scattered paths so that common
analog-to-digital converters can be applied for sampling the
signal. In addition, the proposed novel design allows the
AmBC receiver to detect the backscatter BPSK signals without
decoding the ambient RF signals and requiring knowledge of
the instantaneous channel state information. The results have
confirmed that the proposed design enables an AmBC device
to operate at a reasonable distance from the AmBC receiver
with 10−3 BER without applying error correction techniques.
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